As part of the Tropical Amphibian Declines in Streams (TADS) project, we estimated macroinvertebrate production and constructed quantitative food webs for four headwater stream reaches in the Panamanian uplands: two that had experienced massive amphibian declines and two with unaffected amphibian populations. As expected for forested headwaters, allochthonous materials were the dominant energy source. Total macroinvertebrate biomass and production ranged from 231 to 360 mg ash-free dry mass m 22 and from 3.1 to 4.4 g ash-free dry mass m 22 yr 21 , respectively, and did not appear influenced by the presence or absence of amphibians. However, macroinvertebrate functional structure differed between pre-and post-decline sites, with shredder production significantly higher in pre-decline sites and scrapers significantly higher in post-decline sites. Taxonomic differences between pre-and post-decline sites were also evident. There was a shift in scrapers from smaller-bodied taxa (e.g., Psephenus) in pre-decline sites to larger-bodied groups (e.g., Petrophila) in post-decline sites. Detrital pathways were dominant in these systems, with shredders and collectors accounting for most energy flow. However, scrapers were well-represented and they were food-limited in these systems, particularly in the presence of larval amphibians at pre-decline sites. Ecological effects of catastrophic amphibian declines ranged from subtle shifts in taxonomic composition and functional structure of remaining consumers to changes in the availability and relative importance of autochthonous energy sources.
There is growing concern over the loss of biodiversity and potential effects on the structure and functioning of ecosystems, particularly given the rate at which these losses are now taking place (Chapin et al. 2000; Loreau et al. 2001) . Much of our current understanding of relationships between biodiversity and ecosystem functioning is based on small-scale manipulations or assembled communities (Petchey et al. 2004) , and studies often produce conflicting results (Chapin et al. 2000) . Further, although many studies have focused on producer communities, only a few have examined the loss of consumers (Duffy 2002) , and most of these have focused on a single consumer group (Jonsson and Malmqvist 2000; Cardinale et al. 2002) . One of the primary reasons for the knowledge gaps regarding the consequences of declining consumer diversity is that largescale declines or extinction events generally occur over long time periods and/or are unexpected, and thus they are difficult to study and design experiments around, particularly at the ecosystem scale. Hence, the few studies that have quantified ecosystem responses to losses of consumer groups in natural systems are of great value for understanding the consequences of declining biodiversity (Taylor et al. 2006) .
Over the last 25 yr, amphibian declines have been recorded throughout the world, particularly in upland regions of the tropics (Young et al. 2001; Lips et al. 2003) . Although there is great concern regarding the loss of amphibian populations and diversity, there is little information on the ecological consequences of these losses (Ranvestel et al. 2004; Whiles et al. 2006; Connelly et al. 2008) . In Central America, these declines are occurring rapidly and in a predictable fashion along a moving disease front (Lips et al. 2006 ), a situation that affords the rare opportunity to quantify the ecological consequences of the loss of an entire consumer group occurring over a relatively short timescale .
Stream-breeding amphibians are abundant and diverse in upland regions of the neotropics, and they may be important to the structure and function of these systems for a variety of reasons. For one, amphibians represent an energetic link between aquatic and terrestrial systems because of their complex life cycles. Many amphibian larvae develop in freshwater habitats and then transfer energy and nutrients acquired in aquatic habitats into terrestrial food webs (Regester et al. 2006) . Likewise, adults return to the aquatic habitats to reproduce, depositing energy-rich eggs (Regester et al. 2006 ). In addition, many stream-dwelling tadpoles graze on periphyton and associated organic accumulations (Flecker et al. 1999; Ranvestel et al. 2004) , and may facilitate other scrapers by removing sediments and exposing underlying algae (Ranvestel et al. 2004) . Although few studies have examined the importance of tadpole grazing in lotic systems (Flecker et al. 1999; Ranvestel et al. 2004 ), significant increases in sedimentation and changes in the composition of algal and insect communities have been found when other large, dominant grazers such as fish (Flecker 1996; Pringle and Hamazaki 1998) and shrimp (Pringle et al. 1993; Pringle and Blake 1994) are excluded.
Many stream-dwelling tadpole taxa graze periphyton, but others have different functional roles (Altig et al. 2007) . Despite the abundance and functional diversity of tadpoles in some systems, little is known about their potential direct or indirect interactions with other consumers. In neotropical streams, abundant grazing tadpoles may influence basal resources by reducing the amount of food available to other primary consumers, but they may also enhance periphyton resources via nutrient excretion, contribute to fine particulate organic matter (FPOM) and seston pools via egestion, and remove sediments overlying periphyton (Ranvestel et al. 2004; Whiles et al. 2006) . Tadpoles can reach high densities in neotropical headwaters (Lips 1999; Ranvestel et al. 2004) , and thus likely compete for space and resources with macroinvertebrates, the other dominant consumers in these systems. Considering the myriad potential possible interactions with other consumers, losses of tadpole assemblages from neotropical streams likely result in measurable changes in system structure and function.
Secondary production is a robust measure of the importance and success of consumers because it incorporates various components of ecological performance, including density, biomass, growth, reproduction, and survivorship (Benke and Huryn 2006) . Secondary production estimates provide a link between populations and ecosystems and also allow for a better characterization of community structure and function than density or biomass estimates alone. Production estimates have been important for understanding dynamics of energy flow in streams (Benke 1993) , and there are a fair number of studies of macroinvertebrate production from temperate streams (Benke 1993; Huryn and Wallace 2000) . However, production estimates are generally lacking for streams in the tropics (Ramirez and Pringle 1998; Dudgeon 1999) . Given the lack of information on these systems, production studies will provide valuable new information on the structure and function of neotropical stream systems. Furthermore, production estimates represent a powerful means for examining community and ecosystem-level responses to changes such as the sudden loss of amphibians.
As part of the Tropical Amphibian Declines in Streams (TADS) project, our primary objective was to quantify responses of stream ecosystems to catastrophic amphibian declines. To accomplish this, we quantified resource pools, macroinvertebrate production, associated energy flow, and food web structure in unaffected stream reaches in upland regions of Panama and compared them to similar streams that had experienced massive amphibian declines in the past decade. In doing so, we also developed a comprehensive pre-decline dataset that will allow for eventual pre-and post-extirpation comparisons following predicted declines in our unaffected sites.
Methods
Study sites-We studied four 100-m headwater stream reaches in the Panamanian uplands: two that at the time of the study had unaffected, diverse amphibian populations (El Copé 1 and El Copé 2) and two (Fortuna 1 and Fortuna 2) that had experienced massive amphibian declines associated with the fungal pathogen Batrachochytrium dendrobatidis in 1996 and had not recovered (Lips 1999; Whiles et al. 2006 ). Prior to the decline at Fortuna, both El Copé and Fortuna had similar amphibian assemblages, with over 40 species of riparian anurans, ,20 of which had stream-dwelling tadpole stages (Lips et al. 2003; Ranvestel et al. 2004) . Bimonthly intensive amphibian surveys during the study period produced no tadpoles in Fortuna streams, compared to densities of up to 30 individuals m 22 (average 5 11 individuals m 22 ) in El Copé streams. At the time of this study, a B. dendrobatidis disease front was located between Fortuna and El Copé, moving east towards El Copé (Fig. 1) .
El Copé 1 and El Copé 2 are second-order reaches of the Río Guabal located in Parque Nacional G. D. Omar Torrijos H., El Copé, Coclé, Panama, on the eastern extreme of the Cordillera Central (8u409N, 80u359W) at approximately 700 m above sea level. Fortuna 1 and Fortuna 2 are located in the Reserva Forestal Fortuna, Chiriquí, Panama, which is ,200 km west of El Copé (8u429N, 80u149W) at approximately 1200 m above sea level. Fortuna 1 is a reach of Quebrada Chorro, a second-order stream draining directly into the Río Chiriquí. Fortuna 2 is part of Tube stream, a first-order stream draining into Río Hornito and adjacent to the Smithsonian Tropical Research Institute's field station at Fortuna. All four study reaches are low-order, heavily forested, high-gradient streams typical of this region. Physicochemical characteristics of the study streams are summarized in Table 1 . (erosional, depositional) . We quantified canopy cover by taking 100 readings along the entire length of the study reach with a densitometer (Geographic Resource Solutions). Substrate composition was estimated by measuring substrate particle sizes at three to five points on every 5-m transect for the length of the study reach. Substrate categories were based on a modified Wentworth scale (Stagliano and Whiles 2002) . Water temperature was recorded continuously at each site during the entire duration of the study with HOBO temperature data loggers (Onset Corporation). Discharge was measured at least monthly during the study at the base of each reach. Water chemistry (dissolved oxygen [mg L 21 ], conductivity [mS cm 21 ], and pH) was measured monthly at the base of each study reach with a Hydrolab QuantaH (Hydrolab Corporation).
Resource pools-We used quantitative estimates of organic matter inputs, primary production, benthic organic matter (BOM) standing stocks, and organic seston fluxes to estimate resource availability to functional groups. Net primary production was estimated from values generated during a concurrent study at two of the study reaches (El Copé 1 and Fortuna 1) during June and September 2003 using unglazed tiles that were placed in the stream (Connelly et al. 2008) . Direct and lateral litter inputs were estimated from materials collected in litter traps placed along two of the study reaches (El Copé 1 and Fortuna 1) for 1 yr starting in July 2004 (Coló n-Gaud et al. 2008) . Although for logistical reasons litter inputs and primary production were only measured in one reach at each of the two sites, study reaches at each site are physically and chemically very similar, are bordered by similar vegetation, and are in close proximity to each other. It is thus unlikely that primary production or litter inputs would vary appreciably between them. (Colón-Gaud et al. 2008 , and macroinvertebrate methods below). Organic seston concentrations (particles ranging from 1.6 to 754 mm) in all four study reaches were estimated based on samples collected at base flow or near base flow conditions about two to three times per month for 1 yr beginning in June 2003 (Coló n-Gaud et al. 2008 . We estimated organic seston fluxes by dividing the product of the mean annual concentration of organic seston and mean annual discharge by the streambed area of each reach.
Macroinvertebrate biomass and production-We quantified macroinvertebrate biomass and production in all four study reaches to estimate consumer standing stocks and turnover rates. Benthic macroinvertebrate samples were collected monthly from all four streams for 1 yr beginning in June 2003. On each sampling date, three samples were collected from depositional habitats (pools) using a stovepipe benthic corer (sampling area 5 314 cm 2 ) and four were collected from erosional habitats (riffles and runs) using a Surber sampler (sampling area 5 930 cm 2 ; 250-mm mesh). For cores, we removed all materials enclosed in the sampler to a depth of ,10 cm or until bedrock was contacted and placed them in a bucket. Cobbles were scrubbed with a stiff brush in the bucket and then discarded. Organic materials were elutriated from mineral portions and collected on a 250-mm sieve. We collected Surber samples in a similar manner, except that substrata were disturbed and larger particles scrubbed in the flowing water at the entrance of the collecting net. Materials retained on sieves were placed in plastic bags and preserved in ,8% formalin solution containing Phloxine B stain to facilitate sorting.
In the laboratory, samples were washed through nested 1-mm and 250-mm sieves to separate large (.1 mm) and fine (,1 mm, .250 mm) materials. Large fractions were processed entirely, whereas fine fractions were often subsampled (one-half to one-eighth of total) using a Folsom splitter (Wildlife Supply Company) prior to invertebrate removal. Macroinvertebrates were sorted from other organic materials, identified to the lowest possible taxonomic level (usually genus), measured (total body length) to the nearest 1 mm, and counted. Size-specific ashfree dry mass (AFDM) was estimated using published length-mass relationships (Benke et al. 1999) or our own relationships developed during this study using procedures of Benke et al. (1999) . Secondary production was estimated using different methods according to information available for each taxon. For most taxa, production was estimated using the size-frequency method (Benke and Huryn 2006) corrected for the cohort production interval. Cohort production intervals were derived from published estimates for macroinvertebrates in similar Central American systems (Jackson and Sweeney 1995) or by constructing sizefrequency plots of individual taxa. The instantaneous growth method (Benke and Huryn 2006) was used for taxa with short development times (i.e., chironomid midges, blackfly larvae, and small mayflies). Size-class-specific growth rates for Chironomidae, Leptophlebiidae, Leptohyphidae, and Baetidae were estimated during November 2004 and April 2005 using in situ growth chambers following the methods of Huryn (1996a Huryn ( , 2002 . Instantaneous growth rates (IGRs) were then estimated from changes in average individual biomass over a given time interval using the following equation:
where W i is the average individual mass at the beginning and W f the average individual mass at the end of the time interval (t i ). Instantaneous growth rates for Simuliidae were estimated using the relationship developed by Hauer and Benke (1987) :
where T 5 mean annual water temperature (uC) in the study reach. This regression was developed from blackfly larva growth trials conducted at different ambient temperatures simulating base flow conditions of a subtropical blackwater river. According to Hauer and Benke (1987) , no size-specific adjustment in IGR is required, because no relationship was found between size and growth rate. Production of taxa that were rarely collected in samples was estimated by applying a model developed by Benke (1993) that estimates P : B ratios based on the relationships between individual weight and water temperature:
where P 5 mean annual production (mg AFDM m 22 yr 21 ), B 5 mean annual biomass (mg AFDM m 22 ), T 5 mean annual water temperature (uC), W m 5 maximum individual weight (mg AFDM), and a, c, and d are fitted constants that vary for each insect order (Benke 1993) . We estimated habitat-specific biomass and production by multiplying values from each major habitat type (erosional and depositional) by the proportion of the habitat type available in a study reach and then summing the values. Biomass and production values of individual taxa were summed into their respective functional feeding groups, based on assignments by Merritt and Cummins (2007) and natural abundance stable isotope composition data from recent studies in these streams and similar upland streams in Panama (Verburg et al. 2007 ). The shrimp Macrobrachium sp. and the crab Ptychophallus spp. are present in these streams, but they are not appropriately sampled with the gear we used and we thus did not include them in our production estimates.
We constructed 90% confidence intervals to compare mean annual biomass and production estimates using bootstrap techniques (Effron and Tibshirani 1993) . Bootstrapped data sets were generated by randomly resampling individual data sets with replacement 1000 times. Differences in mean biomass and secondary production between communities, functional groups, and individual taxa were estimated by comparing the degree of overlap of confidence intervals (Benke and Huryn 2006) . We considered values with nonoverlapping confidence intervals significantly different at an a priori a 5 0.10. This approach has been used in similar studies to assess differences in production estimates of aquatic macroinvertebrate communities (Huryn 1996b ) and individual taxa (Huryn 2002 ).
Macroinvertebrate community structure-We used nonmetric multidimensional scaling (NMDS) to compare macroinvertebrate community structure between pre-and post-decline sites (El Copé vs. Fortuna) and dominant macrohabitats (erosional vs. depositional). Nonmetric scaling is an ordination technique that uses ranked distances to linearize relationships between distances measured in species space and distances in environmental space, thus providing a biologically meaningful view of the data that displays the strongest fit (Clarke 1993) . We used estimates for macrohabitats by stream reach as sampling units (n 5 8) where macroinvertebrate community composition was based on mean monthly estimates of biomass or annual estimates of secondary production (total taxa 5 49), and we standardized the output to unit maxima. We calculated dissimilarities using the Bray-Curtis Index (Bray and Curtis 1957) and performed the analysis in one to four dimensions using 100 random starting configurations.
We used analysis of similarity (Clarke 1993 ) to detect differences between a priori groups of samples (pre-decline vs. post-decline) for both macroinvertebrate biomass and production. Analysis of similarities (ANOSIM) is calculated as:
where r B 5 the rank similarity between groups, r W 5 the rank similarity within groups, and M 5 n(n 2 1)/2, where n 5 the number of sampling units. Values in ANOSIM were generated using the Gower metric to obtain an R value ranging from 21 to 1. R approaches 1 if samples are more similar within groups than among groups. As with production estimates, we tested for significance at a 5 0.10. We performed vector fitting (Faith and Norris 1989; Kantvilas and Minchin 1989) to examine correlations between macroinvertebrate community composition and the following potential explanatory variables: amphibian (pre-decline 5 1, post-decline 5 0); amounts of CPOM, FPOM, VFPOM, and total BOM (monthly standing stock values); and net primary production (NPP). We used the DECODA software package (Minchin 1989 ) for ordination, ANOSIM, and vector fitting procedures.
Food web structure-Macroinvertebrate functional feeding group consumption was estimated by dividing annual production values by gross production efficiencies (GPEs), estimated as the product of assimilation efficiencies (AE) and net production efficiencies. The following GPE values were estimated from Lawton (1970) , Perry et al. (1987) , and Benke and Wallace (1980) and applied to macroinvertebrate functional feeding groups: shredders 5 0.049, gatherers 5 0.033, scrapers 5 0.15, filterers 5 0.05, predators 5 0.35. Macroinvertebrate egestion was estimated as the product of consumption and (1 2 AE).
Results
Resource pools-Net primary production on experimental tiles was highest at Fortuna study reaches where tadpole grazers were absent (Table 2) . Allochthonous litter inputs, measured in a concurrent companion study, ranged from 1020 to 1258 g AFDM m 22 yr 21 and varied little between Fortuna and El Copé sites. Organic matter standing stocks in all four streams were dominated by CPOM (.50% of total), mostly in the form of leaves and wood, and VFPOM (27-44% of total). Fluxes of suspended particulate organic matter (SPOM) were highest at Fortuna, with the highest rate at Fortuna 1 and the lowest at El Copé 1 (Table 2) .
Macroinvertebrate biomass and production-Habitatweighted macroinvertebrate biomass ranged from 231 to 360 mg AFDM m 22 and production ranged from 3.1 to 4.4 g AFDM m 22 yr 21 across the study reaches. However, variability in habitat-weighted values among sites did not appear to be linked to amphibian declines. Habitatweighted community P : B values ranged from 10.5 to 15.5 (Table 3) . Macroinvertebrate mean annual biomass, production, and P : B estimates in erosional and depositional habitats varied among the study reaches, but differences were not consistent with the presence or absence of amphibians (Table 3) .
Functional structure, based on habitat-weighted biomass and production estimates, varied significantly between preand post-decline sites (Table 4) . Production in El Copé 1 was dominated by shredders and filter-feeders (60% of total) and El Copé 2 was dominated by shredders and predators (61%). Production in Fortuna 1 was dominated by predators and filter-feeders (56%), and filter-feeders (53%) were the major contributors to production in Fortuna 2.
Functional group biomass and production estimates varied between major habitats for some groups (Table 4) . Scraper biomass and production were generally higher in erosional habitats (,2-63 higher than depositional), whereas predator biomass and production were generally higher in depositional habitats. Habitat-specific patterns of filterer biomass and production varied between pre-and post-decline sites, with somewhat higher values in depositional habitats of the El Copé reaches, but 23-323 higher biomass and 19-613 higher production in erosional habitats compared to depositional in the Fortuna sites.
Habitat-weighted shredder biomass and production were significantly (.23) higher in El Copé sites compared to Fortuna. The ptilodactylid beetle Anchytarsus was the dominant shredder in all four study reaches, but was much more abundant and productive in El Copé reaches, where it accounted for .80% of shredder production (see Web Appendix 1, www.aslo.org/lo/toc/vol_54/issue_1/0331a1. pdf). Shredder biomass in erosional habitats was highest in El Copé 2, and both El Copé 1 and El Copé 2 were significantly higher than Fortuna sites. Shredder production in erosional habitats was also significantly higher in El Copé sites compared to Fortuna. In depositional habitats, shredder biomass and production were significantly higher in El Copé sites compared to Fortuna sites.
Scrapers accounted for 8-16% of total habitat-weighted macroinvertebrate production across all sites. Scraper biomass in erosional habitats and habitat-weighted values in Fortuna 1 were significantly higher than in El Copé reaches, and habitat-weighted scraper production was significantly higher in Fortuna streams compared to El Copé. Contributions of individual taxa to scraper biomass and production also varied across study reaches, with smaller-bodied taxa, including leptophlebiid mayflies (Farrodes and Thraulodes) and the water penny beetle Psephenus, contributing most at El Copé (Web Appendix 1). Baetodes and Dactylobaetis (Baetidae), the lepidopteran Petrophila, and the leptophlebiid Farrodes were dominant in Fortuna sites.
Collector-gatherers represented 10-12% of total habitatweighted biomass, and values did not vary consistently between El Copé and Fortuna. Gatherer production was highest at Fortuna 2, where gatherers accounted for ,21% of total production. Collector-gatherer chironomids and elmid beetle larvae were dominant contributors to gatherer biomass across all study reaches, whereas small mayflies (Tricorythodes, Baetis) along with chironomids contributed most to production in all study reaches (Web Appendix 1).
Habitat-weighted filter-feeder biomass was significantly higher in Fortuna 2 than in all but one other study reach (El Copé 2) and filter-feeder production was significantly higher in Fortuna 2 than in all other sites. Hydropsychid caddisflies (Leptonema and Macronema) were the dominant filterers at El Copé study reaches, accounting for ,90% of total biomass and ,80% of annual production of filterfeeders (Web Appendix 1). Macronema were productive in depositional habitats at El Copé, accounting for the relatively large contributions of depositional habitats to filter feeder production at El Copé compared to Fortuna. Leptonema was also a dominant contributor at Fortuna, but the black fly Simulium accounted for 62% of total filterfeeder production at Fortuna 1 and 42% at Fortuna 2. In Superscripted letters denote differences between sites at a50.10.
contrast, Simulium contributed only 14-17% of total filterfeeder production in the El Copé sites. Simulium also had some of the highest turnover rates among all taxa, with annual P : B values of ,64 (Web Appendix 1). Predator biomass and production varied across study reaches, but patterns were not consistent between Fortuna and El Copé (Table 4) . Habitat-weighted predator biomass was significantly higher at Fortuna 1 than at all other stream reaches and production was significantly higher in Fortuna 1 compared to all other sites except El Copé 2. Flatworms (Tricladida) and predatory chironomids (Tanypodinae) were the dominant predators at both El Copé study reaches and Fortuna 2, whereas the odonate Neurocordulia contributed most to predator biomass and production at Fortuna 1 (Web Appendix 1).
Macroinvertebrate community structure-Two-dimensional NMDS ordinations were used for both taxa-specific macroinvertebrate biomass and production by macrohabitat ordinations (Fig. 2) . ANOSIM results showed significant differences in community composition based on biomass (R 5 0.52, p 5 0.03), but did not reflect differences based on production (R 5 0.24, p 5 0.21). In the biomass ordination, fitted vectors of maximum correlation with primary production (R 2 5 0.87, p 5 0.01), FPOM (R 2 5 0.82, p 5 0.03), VFPOM (R 2 5 0.81, p 5 0.05), total BOM (R 2 5 0.70, p 5 0.04), amphibians (R 2 5 0.85, p 5 0.06), and CPOM (R 2 5 0.60, p 5 0.06) were significant (Fig. 2a) . In the production ordination, fitted vectors of maximum correlation with NPP (R 2 5 0.85, p 5 0.01), FPOM (R 2 5 0.81, p 5 0.04), VFPOM (R 2 5 0.81, p 5 0.04), total BOM (R 2 5 0.67, p 5 0.05), amphibians (R 2 5 0.85, p 5 0.06), and CPOM (R 2 5 0.56, p 5 0.08) were significant (Fig. 2b) .
Food web structure-Consumption estimates based on macroinvertebrate production indicated that collectorgatherers, scrapers, and predators consumed sizable portions of their available food resources, whereas shredders and filterers were not resource-limited (Table 5 ). In particular, scrapers consumed more periphyton production than estimates indicated was available. This pattern was most pronounced in the pre-decline sites at El Copé, where scraper consumption estimates exceeded available periphyton production by 43. Estimates at Fortuna indicated scraper consumption exceeded periphyton production by ,1.53 (Table 5 ; Fig. 3) .
Quantitative food webs indicated that most energy flow in both El Copé and Fortuna study reaches was through allochthonous pathways (Fig. 3) , and shredders and collector-filterers consumed small portions of their respective available resources in all four study reaches (,3% in all sites). In El Copé, dominant energy transfers were from litter to shredders, from FPOM and VFPOM to gatherers, and from SPOM to filterers (Fig. 3a) . Dominant energy transfers in Fortuna study reaches were consumption of FPOM and VFPOM by gatherers and of SPOM by filterers (Fig. 3b) . Macroinvertebrate predators removed at least 50% of total invertebrate production at all but one study reach (Fortuna 2; 23%).
Discussion
Predicted catastrophic amphibian declines occurred at El Copé following our study (Lips et al. 2006) . Based on densities observed during our study (Connelly et al. 2008) , and densities measured during prior investigations in our study streams (Lips et al. 2003; Ranvestel et al. 2004) , larval amphibians were an abundant and diverse consumer group in these systems and they undoubtedly interacted with other consumers in a variety of direct and indirect ways. In particular, many of the dominant tadpole taxa that were once abundant in these systems are grazers (Ranvestel et al. 2004) , and thus responses to their losses might be most evident in other consumer groups that feed on periphyton.
Our study, combined with results from prior studies in these same streams, suggests that the loss of larval amphibians resulted in increased algal biomass and production and consequent changes in community structure of grazing invertebrates (i.e., scrapers), and overall increased production of scrapers. Smaller-scale experimental manipulations at El Copé showed that tadpole feeding activities reduced the amount of algal primary production available to other consumers (Ranvestel et al. 2004; Connelly et al. 2008) . Our quantitative food webs indicate that algal production is a limited resource in neotropical headwaters, particularly when tadpoles are present. The limited availability of primary production likely results in more generalist feeding behavior by scrapers in these systems, and this is also a plausible explanation for our estimates indicating that more than the available resources were consumed. Some similar studies of consumer production and resource use have also produced estimates of consumption that exceed availability of food resources, and these apparent paradoxes have been attributed to underestimates of the turnover rates of food resources, selective feeding on more nutritious components of the resource, and/or omnivory (Fisher and Gray 1983; Stagliano and Whiles 2002) .
Our study suggests that macroinvertebrate scraper communities shift in response to the loss of tadpoles. In particular, smaller-bodied grazers may be most affected by amphibian declines. Smaller taxa such as Psephenus contributed ,23 the amount of biomass and production in our El Copé sites, where amphibians were present, compared to Fortuna (Web Appendix 1). Thraulodes, a small grazing mayfly, also had much higher production (.23 higher) in the pre-decline streams compared to Fortuna (Web Appendix 1). In contrast, a larger grazer, Petrophila, was much more productive (.23 higher) at Fortuna sites. These patterns are consistent with smallscale experimental manipulations in these same streams that indicated that small-bodied grazers benefit from tadpole feeding because tadpoles remove fine organic and inorganic sediments from substrata (Ranvestel et al. 2004) and can increase periphyton production per unit biomass (Connelly et al. 2008) . Consistent with this pattern, Tricorythodes, a small-bodied gathering mayfly, also had 3.7-6.63 higher production in the pre-decline streams during our study (Web Appendix 1). However, Baetis, another small-bodied gatherer, and one that showed a positive response to tadpole grazing in prior manipulative experiments in these systems, showed no consistent patterns across pre-and post-decline sites, suggesting that mechanisms behind responses, or lack thereof, for individual groups and taxa vary. Similar patterns were observed for several small-bodied mayflies (i.e., Farrodes, Baetodes, Dactylobaetis) that obtained higher estimates for biomass and production at one study stream, but not consistently across pre-or post-decline sites. Likewise, macroinvertebrate responses to the presence or absence of amphibians may vary with spatial scale; small-bodied insects may be attracted to tadpole-grazed areas of substrata on a patch scale, but their populations may ultimately be unaffected by amphibians at the reach scale.
Increased primary production and algal biomass following amphibian declines may also influence other consumer groups that we did not examine in this study. In particular, densities of the freshwater crab, Ptychophallus spp., were consistently higher at the post-decline Fortuna study reaches compared to El Copé throughout the study period (C. Coló n-Gaud unpubl.). These crabs are omnivorous, and thus may have responded positively to increased algal resources or, alternatively, to increased scraper production.
Larval amphibians may influence the quantity and quality of resource pools via excretion and egestion Colon-Gaud et al. 2008 ). Coló n-Gaud et al. (2008) showed that seston in the El Copé study stream reaches had a lower C : N than in Fortuna, and hypothesized that this was linked to tadpole feeding and egestion at El Copé. This suggests that materials exported from headwaters with unaffected amphibian populations are of higher quality than those from streams where amphibians have declined. This pattern of lower-quality seston in post-decline streams might be expected to negatively influence filter-feeding macroinvertebrates. However, our results indicate the opposite; we observed generally higher production of filterers in Fortuna stream reaches, particularly in Fortuna 2. This pattern was related to taxonomic differences in filterer communities between sites. Filterer production in Fortuna 2 mainly consisted of Simulium, which filter at a much finer scale, even at the level of individual bacterial cells, than many other larger filterers (i.e., hydropsychid caddisflies) (Wallace and Webster 1996) , and thus may be indifferent to changes in the quality of larger size fractions of particles that include tadpole feces.
Differences in filterer biomass and production in postdecline streams compared to unaffected sites could be related to the quantity, rather than the quality, of exported materials, as Coló n-Gaud et al. (2008) found that seston concentrations were consistently higher in Fortuna stream reaches compared to El Copé. Whiles and Dodds (2002) found positive relationships between filter-feeding macroinvertebrates and organic seston concentrations, particularly among hydropsychid caddisflies, in a Great Plains drainage network. Hydropsychid caddisflies (Leptonema and Macronema) were common filterers in our study streams. Leptonema, for example, was substantially more productive in stream reaches at Fortuna than at El Copé, accounting for .50% of the total filterer production at Fortuna 2, where SPOM export was highest (Web Appendix 1). Macronema was the only filterer that was consistently more productive in the El Copé reaches, and was most productive in depositional habitats. Macronema are often associated with large wood in streams, and they feed on very small particles (Wallace and Sherberger 1974) . Thus, patterns of Macronema production may have been more related to habitat type than SPOM quantity or quality.
Although seston concentrations and export are heavily influenced by hydrology, they may also be influenced by scrapers and other consumers through egestion and bioturbation (Wallace and Webster 1996) . Taylor et al. (2006) found that experimental removal of a dominant detritivorous fish, Prochilodus mariae, altered ecosystem metabolism by increasing primary production and decreasing downstream transport of organic carbon in a Venezuelan river. Results of our study and prior investigations in the same streams (Ranvestel et al. 2004; Connelly et al. 2008) indicate that loss of Prochilodus and loss of tadpoles influence primary production similarly. However, the loss of larval amphibians at Fortuna did not appear to influence SPOM export as observed for Prochilodus. Tadpoles undoubtedly contribute to local SPOM pools, but factors such as hydrology likely supersede their influence in the high gradient headwaters that we examined.
Our results suggest that shredders are more productive in streams with tadpoles, because shredder biomass and production, in this case mostly Anchytarsus, were significantly higher in pre-decline sites, even though litter inputs and CPOM standing stocks were similar among all reaches. Although these differences in shredder biomass and production could be linked to a variety of habitat features of these streams, they could also reflect the influence of larval amphibians on the quality of detrital resources (e.g., local replenishment of nutrients for microbes associated with detritus from tadpoles grazing in pools and/or living in CPOM accumulations). In particular, glass frog tadpoles (Centrolenidae) are almost exclusively found in CPOM accumulations in these systems and were abundant in the El Copé reaches during our study. Centrolenids and other tadpoles inhabiting leaf litter and debris accumulations may stimulate microbial activity and thus nutritional quality of detrital resources via excretion and may thus positively influence shredder production. Increased nutrient availability has been shown to positively influence shredder feeding, biomass, and production in temperate forested headwaters (Cross et al. 2007) .
Overall, our production estimates are low compared to estimates from other similar-size streams (range 4.1-135 g dry mass m 22 yr 21 ; Benke 1993; Huryn and Wallace 2000), but higher than those from a low-altitude, fish-dominated, third-order stream in Costa Rica (0.4 g AFDM m 22 yr 21 ; Ramirez and Pringle 1998). Hence, our results support prior observations that macroinvertebrate production is relatively low in neotropical streams in general, but that production is higher in upland headwaters where fish are absent or in low abundance.
Relatively low production in our study streams compared to headwaters in other regions may be related to the hydrology of these systems. In particular, frequent highdischarge events scour these systems, reducing food resources and likely displacing invertebrates. Coló n-Gaud et al. (2008) showed that although litter inputs in these same streams are relatively high compared to forested headwaters in other regions, BOM standing stocks are low because of frequent scouring and a general lack of retentive structures such as large woody debris. Scouring events also reduce biofilms and periphyton (Grimm and Fisher 1989; Dodds et al. 1996) , and similar relationships with flood frequency have been reported in tropical lowland streams in Costa Rica (Pringle and Hamazaki 1997; Ramirez and Pringle 1998) and highland streams in Puerto Rico (Pringle and Blake 1994) .
Based on NMDS and related analyses, differences in macroinvertebrate communities between sites and between habitats within sites were related to amounts of basal resources and the presence or absence of amphibians. Significant and autocorrelated vectors for detrital resources reflected a predictable pattern of differing amounts of fine and coarse particulate organic materials in depositional and erosional habitats, and macroinvertebrates obviously responded. In contrast, vectors for the presence or absence of amphibians and NPP were opposing, reflecting higher periphyton production in post-decline sites, and linked differences in communities based on biomass estimates. The production-based ANOSIM analysis was not significant, but NMDS plots showed nearly identical community patterns based on biomass and production estimates.
Our results, along with those of related studies in these same systems, suggest that although amphibians can clearly influence ecosystem processes and function in numerous ways (e.g., reducing algal biomass and increasing production per unit biomass [Ranvestel et al. 2004; Connelly et al. 2008] and enhancing nutrient recycling and seston quality Coló n-Gaud et al. 2008] ), some aspects of structure and function that we examined (e.g., total macroinvertebrate production and production of some functional groups) showed little or only subtle responses to their loss, and there may be some degree of functional redundancy in these systems (e.g., production of some invertebrates increasing with primary production). However, the long-term responses and consequences of these losses remain to be seen, and ecosystem responses to change can sometimes be slow (Slavik et al. 2004) . Further, other potential consequences of these sudden, dramatic declines in consumer diversity are yet to be examined. For example, stability and resistance and resilience to disturbance and vulnerability to invasion by exotic species have all been linked to biodiversity (Chapin et al. 2000; Loreau et al. 2001) , and could thus be altered in streams following amphibian extirpations.
This study represents the first investigation of the responses of in-stream consumers to amphibian declines and related changes in food webs and energy flow. Our study was constrained by the logistics of intensively sampling sites in remote regions of Central America, and thus low replication of pre-and post-decline streams. However, continued studies at both sites (now that amphibians at El Copé have declined) will allow for more robust assessments of patterns we observed in this study. Our results suggest that losses of larval amphibians can affect consumer communities, resource pools, and food web structure in a variety of ways. Whether these shifts will persist, or other changes will occur over longer timescales, is unknown. However, there is no indication that amphibians will recover at sites that have declined (Lips et al. 2006 ).
